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Materials and Methods

Plants.
A wax apple orchard having 50 'Pink' trees in Yenpu, Pingtung, was used. Fruits ≈5 cm in diameter were harvested 50 d after flower shedding. The fruit were first washed with tap water and disinfected with 75% ethanol by wiping the whole fruit skin in a laminar flow hood. Skin disks 10 mm in diameter and 2 mm thick were taken from the calyx end of the fruit.
Methods. The diameter, weight, soluble solids concentration (SSC), and anthocyanin content of each fresh disk were measured immediately. Additional disks were disinfected with 75% ethanol for 60 s and washed twice with distilled water. Ten disks were placed on a paper bridge in culture vessels (Agripot; Takao, Kyoto, Japan), containing a 10-mL 6% sucrose solution. The vessels were covered with caps [relative humidity (RH) 100%] and placed in a growth chamber at a continuous 20 °C in the dark for 36 h. The disks were then transferred to similar vessels containing 0%, 3%, or 6% sucrose, and were put into three growth chambers set at 20, 25, or 30 °C, with 12 h light/12 h dark. The light level was 300 µmol·m -2 ·s -1 at the skin surface. Half of the vessels in each treatment were covered with black plastic bags. Samples were harvested 14 d later for measurement of diameter, weight, SSC, and anthocyanin contents. Soluble solids concentration in juice extracted from the skin was measured with a hand-held refractometer (Atago N-32, Tokyo). Anthocyanin is the primary red pigment for the red color in wax apple fruits (Shü, unpublished data) . Singha et al. (1991) found a good correlation between anthocyanin concentration and chromaticity values. These relationships allow the use of a portable colorimeter for rapid, nondestructive estimation of fruit anthocyanin content in situ in apple. However, unlike the apple, the determination of red color in wax apple fruits was found to be more reliable when using anthocyanin content rather than chromaticity values (Shü, unpublished data) . As a result, anthocyanin was determined spectrophotometrically in this study. Five skin disks 10 mm in diameter were put into 5 mL of 1% HCl in methanol and incubated in the dark at 4 °C. Optical density at 530 nm was measured 36 h later (Shü, 1999b) .
Experimental design and statistical analysis. The experimental design was a split-splitplot with the three temperature levels as wholeplot treatments, the two light levels as subplots and the three sucrose levels as sub-subplot treatments. Each treatment combination (light/ temperature/sucrose) consisted of three replications. (Note that only one chamber was used per temperature, thus this factor technically was not replicated). The data were analyzed by SAS (SAS Institute, 1998).
and June under natural conditions in southern Taiwan, an almost year-round production system has been established in recent years (Shü et al., 1996) .
Although the name of the major cultivar is 'Pink', the color of the fruit varies from pink to deep red, depending on the environmental and cultural conditions. Best prices are obtained with deep red fruits. According to previous investigations and field observations, fruit color is influenced by many factors, such as light, temperature, position on the tree, and leaf : fruit ratio (Shü, 1999a (Shü, , 1999b Shü et al., 1996; Wang, 1991) . As in other fruit, such as apple (Malus ×domestica Borkh.; Looney et al., 1992) , grapefruit (Citrus paradisi Macf.; Syvertsen and Albrigo, 1980) , peach [Prunus persica (L.) Batsch; Dann and Jerie, 1988] , and tangerine (Citrus reticulata Blanco; Cohen, 1988) , position on the tree influences fruit quality (Shü, 1999a) . Heavy bearing wax apple trees usually produce poorly colored, but not necessarily small, fruits (field observation). Except for the tree itself, environment seems to play a crucial role in the quality, especially pigmentation, of wax apple fruits. Shü (1999a) reported that fruit picked from upper-inner position (more light) were 38% redder than fruit from middle-inner position (less light). Also, fruit pigmentation is better in cool than in warm seasons (Shü et al., 1996; Wang, 1991) . To improve cultural practices for highquality fruit production, knowledge as to how light, temperature, sucrose (carbohydrates), and their interactions affect fruit quality of wax apples is needed. As field experimentation for such factorial combinations is extremely difficult, an in vitro culture system was adopted using isolated fruit skin disks
The wax apple belongs to the myrtle family (Myrtaceae) and is native to the Malay archipelago. In addition to the name wax apple, Java apple and wax jambu are commonly used English names. The wax apple, although almost completely unknown outside eastern Asia, is an economically important fruit crop in Taiwan (Shü et al., 1996; Wang, 1991) . A mature wax apple tree is medium to large-sized, ≈5 to 10 m tall, with a widely spreading and branched crown (Young, 1951) . Flowers are fragrant, yellowish-white, 1 cm wide, and 4-petaled, with numerous stamens. The waxy fruit, light to dark red, sometimes green, greenish-white, or cream white-colored, is cone-shaped and narrow at the base with four fleshy calyx lobes at the apex, 5 to 6 cm long and 4 to 5 cm wide (Young, 1951) . Wax apple fruit is usually eaten fresh (Nakasone and Paull, 1998) .
'Pink' ('Nun-Young' in Chinese) is the leading cultivar, occupying >99% of the planted area in Taiwan (Wang, 1991) . The total area is 8000 ha (Taiwan Provincial Government, 1998), mostly concentrated in Pingtung prefecture. Although the tree blooms in March and April and the fruit ripens in May Received for publication 8 Nov. 1999. Accepted for publication 11 July 2000. We thank Chung-ruey Yen for reviewing the manuscript and are grateful for the financial support from National Science Council of the Republic of China on Taiwan, grant No. NSC88-2313-B-020-004. The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact.
Results
The weight of skin disks of wax apple decreased significantly (P ≤ 0.001) following light treatment, but increased (P ≤ 0.001) when sucrose was added. Temperature did not affect disk weight. Interraction of light × sucrose or temperature × sucrose or light × temperature × sucrose were significant (P ≤ 0.01 to 0.001) in affecting disk weight, but light × temperature was not (Table 1) . Disk diameter was influenced significantly (P ≤ 0.05 to 0.001) by light and temperature, either independently or in combination. The diameter of the cultured disks was greater in the dark than in the light. There was a negative linear relationship between temperature and diameter. Sucrose concentration did not significantly affect disk diameter. The widest and narrowest disk diameters were observed in the dark/20 °C/6% and light/30 °C/6% treatments, respectively.
The soluble solids concentration was significantly (P ≤ 0.001) affected by light and sucrose alone and by interactions (Table 1) , but not by temperature alone, the interaction of light × temperature, light × temperature × sucrose, or temperature × sucrose. Light significantly enhanced mean SSC (7.0% in the light vs. 3.7% in the dark, Table 1 ). However, no significant difference in mean SSC was found among the three temperature treatments under either dark or light. With a value of 4.0% in fresh sample, the SSC in the treated skin disks ranged from 0.9% for light/25 °C/ 0% and dark/30 °C/0% to 12.8% for light/ 20 °C/6%, and responded positively to sucrose concentration in the culture solution. Among the three combinations having high SSC values (light/20 °C/6%, light/25 °C/6%, and light/30 °C/6%), the first was the best treatment by least square t test. Anthocyanin content also ranged widely (from 0.007 for light/30 °C/6% to 1.644 for light/20 °C/6%). All factors, either acting alone or in combination, had significant effects (P ≤ 0.05 to 0.001) on anthocyanin content, which was enhanced by light and sucrose concentration and reduced as temperature rose (Table 1) .
Discussion
Color is probably the most important single factor among all quality factors, as external appearance is the parameter most used by the consumer in judging fruit quality of wax apples. Plants, when classified by anthocyanin synthesis, can be grouped into two categories: those that produce anthocyanin under the influence of light and those in which light is not required (Beggs and Wellmann, 1994) . As our results show, the wax apple belongs to the first group. Skin disks placed in the dark stopped producing anthocyanin, whereas disks in the light continued to produce it (Table 1) . Light is essential for red color development in apple (Saure, 1990) and light intensity, irradiation time (Creasy, 1968; Proctor and Creasy, 1971) , and light quality, especially UV light (Chalmers and Faragher, 1977) , influence anthocyanin pro- duction. Anthocyanin formation in wax apple skin also responded to light (Table 1) and light intensity (Shü, unpublished data) .
Like anthocyanin, SSC in skin also increased with irradiation. Light-treated disks had twice the amount of soluble solids as did fresh samples or disks kept in darkness. There are two possible mechanisms, passive and active, for sucrose uptake by the disks. In the present study, active uptake seems reasonable. First, the average SSC in the disk in the dark was roughly the same as the sucrose concentration in the culture solution in each treatment combination (Table 1) . Second, the disks without added sucrose, both in the light and in the dark, had less SSC than the fresh sample, probably because of respiratory consumption. Third, the SSC of the disks treated with 3% or 6% sucrose in all combinations under the light was two to three times as great as that of the sucrose solutions in which they were in contact (Table 1) . Apparently, light alone could not elevate the SSC of the disks in the absence of sugar. Without light, however, the SSC of the skin tissue could not exceed the concentrations provided. In other words, only passive uptake occurred in the dark.
Temperature is another important factor influencing anthocyanin synthesis. Anthocyanin synthesis is negatively correlated with temperature in apples (Creasy, 1968; Faragher, 1983) and marigold (Tagetes erecta L.; Armitage and Carlson, 1981) . However, the effect of temperature on anthocyanin synthesis in apple is also influenced by the stage of fruit development (Faragher, 1983) , cultivar, bagging or day/night temperature (Arakawa, 1991) . Generally low temperature reduces respiration rate and carbohydrate consumption, thus enhancing anthocyanin synthesis (Creasy, 1968) . Our results also show that low temperature favors anthocyanin synthesis and expansion in wax apple fruit skin disks (Table 1) .
Sugar may serve as an energy source, osmotic regulator, or as a precursor for metabolic processes during plant development (Kuiper et al., 1991) . It may also directly induce chalcone synthase gene expression (Tsukaya et al., 1991) . The addition of sugar enhances anthocyanin synthesis in many crops, such as apples (Gianfagna and Berkowitz, 1986) , grapes (Vitis vinifera L.; Pirie and Mullins, 1976) , sorghum [Sorghum bicolor (L.) Merr.; Dube et al., 1992] , and Impatiens balsamina L. (Klein and Hagen, 1961) . Skin pigmentation of wax apple fruits is also markedly enhanced by sugars (Liao et al., 1999; Shü, 1999b) . Among the four sugars tested, sucrose was the most effective in wax apple fruit (Liao et al., 1999) . Sucrose also increased soluble amino acids, protein, SSC, total phenolic compounds, pigmentation and PAL activity (Shü, 1999b) . In the present study, we demonstrated again that there were linear relationships between sugar and SSC as well as anthocyanin ( Table 1 ). The relationships between sugar and weight and diameter were less clear. This may have been a result of the interactive effects exerted by light, temperature, and sugar used in this study.
We intended to find out which factor, among light, temperature and sugar, was most important in anthocyanin synthesis in wax apple fruits, so that special care could be taken in the management practices to maximize production of high quality fruit. However, no single factor appeared to play a unique role in anthocyanin synthesis. As a result, to ensure the production of high quality fruits, adequate amounts of light, temperature, and sugar (high fruit : leaf ratio) are required.
